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Figure 2.3.2 Field Settings on MO 23 Work Zone (Google Maps 2017)

Figure 2.3.3 Flagger
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2.3.2 Data Processing

The videos were reviewed, and the performance data were obtained. Only vehicles that
encountered a STOP paddle/message were processed; those vehicles that only encountered
SLOW and drove through directly were not processed. The number of samples is shown in Table
2.3.2. The sample size collected was 334 total, of which 186 was for AFAD and 148 for flagger.

Table 2.3.2 Summary of Field Data Collected

Field Data Traffic Control Types Total
Location AFAD Flagger

South End 102 (First Day) 82 (Second Day) 184
North End 84 (Second Day) 66 (First Day) 150
Total 186 148 334

After the field data was collected, the research team reviewed the videos, and conducted the data
reduction process. Seven Measure of Effectiveness (MOESs) were defined for data reduction as
described below.
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e MOE 1: speed of the leading vehicle at 250 ft. from the AFAD/Flagger (Figure 2.3.4). The
speed was read from the speed gun. However, the speed gun did not display any speeds lower
than 10 mph, so researchers estimated speeds less than 10 mph using the speed from the last

reading.

Speed of leading vehicle
when vehicle reached
250 ft. marking from the
AFAD/flagger.

Figure 2.3.4 MOE 1 example: Speed of the Leading Vehicle at 250 ft. from the
AFAD/Flagger
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MOE 2: full stop location (Figure 2.3.5). Location of vehicle’s front end when the vehicle
came to a full stop. The location was the distance from the AFAD or flagger. The distance
was determined from the video based on the delineator cones that were placed.

Location of vehicle’s front
end when at full stop.

Figure 2.3.5 MOE 2 example: Full Stop Location
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MOE 3: waiting time (Figure 2.3.6). Waiting time was measured as the time gap between the
time when the vehicle came to a full stop and when the vehicle started to move again after
receiving the SLOW indication from the flagger or AFAD.

MOE 3: Waiting Time

= time vehicle restarted
to move - full stop time.

/01/30 09:24:49 " I01/30 09:25:31

Full Stop Time 4 o il Restart Time <£‘

07:29.504 ¥ 44:12.249 :pq: 08:11.358 /14:12.249 :pd

Figure 2.3.6 MOE 3 example: Waiting Time
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e MOE 4: reaction time (flagger/AFAD CMS) (Figure 2.3.7). Reaction time was measured as
the time between when STOP changes to SLOW (paddle for flagger and CMS for AFAD)
and the vehicle restart time. At the time of the field experiment, the SLOW paddle on the
AFAD and message on CMS were not synchronized. When the message on the CMS
changed from STOP to SLOW, the paddle started to turn, and it took four seconds to finish
turning. Drivers appeared to react based on the message shown on CMS. The time lag
between the paddle and CMS on the AFAD was corrected after the field work. Although
recording the time based on paddle on the AFAD and paddle on human flagging system
would be consistent, the reaction time was measured based on CMS due to the regular offset
and driver behavior.

% MOE 4: Reaction Time
“ (flagger/AFAD CMS)

* Reaction time =
Restart time - time
when STOP changes
to SLOW

* 4 seconds offset
between message of
CMS and paddle
(paddle took 4
seconds to finish

01/30 09:25:31 "
turning)

D17/01/30 09:25:28

Q‘ ’7_] Restart Time (E! 7:_,—'-""_]

42794412249 :

Figure 2.3.7 MOE 4: Reaction Time
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MOE 5: Intervention rate (Figure 2.3.8). Intervention refers to when a vehicle ignored the
STOP sign and was stopped by the AFAD or flagger. If a vehicle approached the AFAD too
closely or tried to go through and the AFAD horn honked, or if a vehicle approached a
flagger too closely and flagger stopped the vehicle by giving gestures, then it was regarded as
one intervention. Intervention rate equals the ratio of interventions over sample size.

* Intervention:
Vehicle ignored STOP sign
and was horned by AFAD
or stopped by flagger
Intervention Rate:
Violations/sample size

Figure 2.3.8 MOE 5: Intervention Rate
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e MOE 6: speed of the 1st following vehicle at 250 ft. from the AFAD/Flagger.

Speed of 1st following
vehicle (2nd vehicle in

the queue) at 250 ft.
from the AFAD/flagger

01/30 10:48:45
Figure 2.3.9 MOE 6: Speed of the 1st Following Vehicle at 250 ft. from the AFAD/Flagger
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e MOE 7: queue length (Figure 2.3.10). The number of vehicles in a queue.

The seven MOEs were extracted and data were grouped by direction (southbound/northbound),
flagging type (AFAD/Flagger), and vehicle type (sedan, pickup, commercial vehicle). Vehicle
types were defined based on the height of wheels, so SUVs and minivans were regarded as
pickups.

Number of vehicles in queue

Figure 2.3.10 MOE 7: Queue Length

2.3.3 Field Data Results

All of the MOEs were recorded and extracted from videos, and their absolute values were
presented. The differences between the MOEs for the AFAD and flagger were calculated to
allow for comparisons. Confidence level was indicated by the T test result, and Cohen’s d was
calculated. Cohen's d is a measure of the effect size, which indicates the standardized difference
between two means. Cohen’s d is calculated as the ratio of the difference of means to the pooled
standard deviation (Ferguson, 2009).

MOE 1 measured the speed of the leading vehicle at 250 ft. from the AFAD/Flagger. As shown
in Table 2.3.3, the average approaching speed of vehicles that encountered the AFAD was 23.2
mph, and the approaching speed of vehicles that encountered the human flagger was 27.4 mph.
Approach speeds for vehicles that traveled through the AFAD were significantly lower than for
the human flagger with a confidence level higher than 99.9%. Cohen's d indicated that the
standardized mean of AFAD speed was 0.667 standard deviations lower than the mean of
flagger.
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Table 2.3.3 Speed of the Leading Vehicle at 250 ft. from the AFAD/Flagger

Speed at 250 ft.
(mph)
AFAD 23.2
Flagger 27.4
T test <0.001*
Difference -4.1
Cohen's d -0.667

MOE 2 measured the full stop location of vehicles that encountered STOP message/paddle. As
shown in Table 2.3.4, the average full stop location of vehicles that encountered the AFAD was
61.07 ft. behind the AFAD, and the average full stop location of vehicles that encountered
human flagger was 49.64 ft behind the flagger. The full stop location for the AFAD was
significantly farther away than the flagger with the confidence level being higher than 99.9%.
Cohen’s d indicated the mean of the AFAD full stop location was 0.436 units of standard
deviation farther than flagger.

Table 2.3.4 Full Stop Location

Full Stop Location (ft.)
AFAD 61.07
Flagger 49.64
T test <0.001*
Difference 11.44
Cohen's d 0.436

MOE 3 measured the waiting time of the first vehicle in the queue, and MOE 7 measured the
queue length in stopped queue. MOEs 3 and 7 are shown in Table 2.3.5. These two MOEs were
not related to safety but efficiency. Since waiting time was defined as the time gap between
vehicle restart and full stop, the time when the vehicle restarted was recorded. However, one
factor influenced the waiting time difference between the AFAD and flagger. When the AFAD
changed the message from STOP to SLOW, vehicles from the other direction may not have been
cleared, and vehicles were still coming out from the work zone. As a result, vehicles that
encountered the AFAD would still have to wait for other direction to be cleared, even after the
AFAD showed SLOW and vehicles restarted. Meanwhile, human flaggers would wait until all
vehicles from the other direction to be cleared, then turn the paddle from STOP to SLOW. Since
MOE 3 captured the time gap between when vehicle came to a full stop and vehicle restarted, the
waiting time recorded for the AFAD may be underestimated.
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Table 2.3.5 Waiting Time and Queue Length

Waiting Time (S) Queue Length (veh)
AFAD 72.25 1.70
Flagger 105.52 2.08
T test 0.002 0.006
Difference -33.26 -0.39
Cohen's d -0.389 -0.301

MOE 4 measured the reaction time of the first vehicle in the queue. It was calculated as the time
gap between the first appearance of SLOW message (AFAD) or paddle (flagger) and when the
vehicle started to move again. As previously discussed, the reaction time based on the AFAD
CMS was ultimately used instead of the AFAD paddle. As shown in Table 2.3.6, the average
reaction time for the AFAD was 4.41 s, and for the flagger was 1.69 s. The reaction time for the
AFAD was significantly longer than for the flagger. This result may be due to the differences in
interpersonal communication with a person as opposed to interaction with a device. Another
reason for the significant longer reaction time for drivers who encountered the AFAD may be
that some drivers were looking at their cellphones or were otherwise distracted, but the drivers
that passed through the flagger may have been less distracted due to the presence of a live human
flagger standing by the side. Also, as previously discussed, the lag between the CMS display and
the paddle turning could also have been a factor. Cohen’s d (effect size) indicated that the mean
reaction to the AFAD was 2.921 units of standard deviation longer than reaction time to flagger.

Table 2.3.6 Reaction Time (AFAD based on CMS, flagger based on paddle)

Reaction Time (CMS) (s) | Reaction Time (CMS) (s)
Based on AFAD CMS Based on AFAD Paddle
AFAD 4.41 0.412
Flagger 1.69 1.690
T test <0.001* <0.001*
Difference 2.72 -1.279
Cohen's d 2.921 -0.530

MOE 5 measured the intervention rate, which could be an indication of driver’s
misunderstanding of the AFAD or flagger. Intervention refers to when a vehicle ignored the
STOP sign, thus requiring the AFAD to honk its horn or the flagger to stop the vehicle using
gestures. In some instances, the vehicle backed up to the proper position after the intervention.
The total number of interventions for the AFAD and flagger were the same, but because the
sample size for the AFAD was larger than the flagger, the intervention rate for AFAD was
slightly lower than flagger, as shown in Table 2.3.7. However, the difference was not statistically
significant. A previous MnDOT (2005) evaluation reported an intervention rate of 0.0096
(5/313). This is a similar low but non-negligible intervention rate.
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Table 2.3.7 Intervention Rate

Intervention Rate
AFAD 0.016 (3/193)
Flagger 0.019 (3/155)
T test 0.787
Difference -0.004
Cohen's d -0.029

MOE 6 measured the approaching speed of the second vehicle in the queue. As shown in Table
2.3.8, the average speed of the second vehicle in the AFAD queue at 250 ft. was 20.6 mph, and
in the flagger queue was 23.1 mph. The difference was significant at the 99.5% confidence level.
This result indicates that the second vehicle approached the AFAD at a lower speed than vehicles
approaching the flagger.

Table 2.3.8 1° Following vehicle Speed at 250 ft.

1st Following Vehicle
Speed at 250 ft. (mph)

AFAD 20.6

Flagger 23.1
T test 0.005*

Difference -2.5
Cohen's d -0.460

During the field collection process, unusual driving behavior was observed. Types of unusual
driving behaviors include high approaching speed, and extra-long reaction time. In two instances
at a location 250 ft. from the flagger, the approach speed of a pickup was 47 mph, and the
approach speed of an SUV was 55 mph (Figure 2.3.11). These two vehicles had approaching
speeds which were much higher than the other vehicles since the average approaching speed was
27.4 mph. In another instance (Figure 2.3.12), one leading vehicle at the AFAD had a very long
reaction time of 20 seconds, while the average reaction time for the AFAD was 4.41 s. After the
CMS showed the SLOW sign, the leading vehicle did not realize the change of message on
CMS, and the AFAD honked twice to get the vehicle’s attention.
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Figure 2.3.11 Vehicle Approaching Flagger at High Speed

Figure 2.3.12 Vehicle Long Reaction Time to SLOW Indication on AFAD

Interventions at the south side of the work zone were less frequent than interventions at the north
side of the work zone. One reason why the intervention rate at the north side was higher (Table
A-2.2 and A-3.2, Appendix A) may be the difference in grades at the two ends. In the field study,
the north end was at the top of a steep hill while the approach to the south end was more level.
Some drivers may have wanted to know what was going on behind the stop control. At the south
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side, they could see more of the work zone as they approached. But at the north side, their view
was more limited and some of them tried to bypass the AFAD or flagger.
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CHAPTER 3: SURVEY
3.1 Survey Methodology

A driver intercept survey was conducted for vehicles that traveled through the AFAD end of the
work zone. Vehicles were stopped in the work zone after they went through the AFAD and given
a short survey. There were two survey formats: hard copies with stamped envelopes and an index
card with a link (including QR code) to an online version of the survey. In some cases, drivers
were given a choice of which survey format they preferred. In other instances, to reduce vehicle
delay, drivers were assigned a survey format based on the researcher's judgment of the survey
format preference. For example, drivers who had their cell phones readily available or were
texting on their phones were typically given the online version of the survey. The research team
distributed 104 hard copies and 182 online links (Table 3.1.1). A total of 42 responses were
received, and the response rate was 14.7%. This response rate is relatively low but is similar to
some of the mail surveys discussed in Hager et al. (2003).

Table 3.1.1 Survey Numbers

Survey Hard Copy Online | Total
Sent Out 104 182 286
Response Received 30 12 42

The survey consisted of three parts. Parts 1 and 2 asked questions about drivers’ understanding
of the AFAD signage and human flagger gesture, their perceptions regarding the effectiveness of
the two different stop controls, their opinion regarding whether the CMS was helpful, and any
additional comments. Part 3 asked for their preference between the AFAD and flagger. Part 4
asked for their demographic information and regular vehicle type. The complete survey is
attached in Appendix B.

Survey responses included two types: hard copies and online. To ensure consistency in survey
data processing, hard copy entries were entered into the online survey system. Results were
extracted directly from the online survey system.

3.2 Survey Results

Two multiple choice questions involved the meaning of the AFAD signage and human flagger
gesture, respectively. Among the 42 respondents, all of them understood the AFAD meaning
correctly, but two of them chose the wrong answer for the meaning of the flagger gesture. The
results implied the AFAD was more understandable than the flagger.

The survey responses indicate that most of the respondents thought both AFAD and flagger were
effective. Although 88.1% of respondents thought AFAD was effective or very effective and
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92.86% of respondents thought flagger was effective or very effective, the proportion of
respondents who thought AFAD was very effective was more than the proportion who thought
that the flagger was very effective. However, there were more respondents who thought that
AFAD was ineffective or very ineffective, as shown in Table 3.2.1. This result could be caused
by the novelty of the AFAD as these drivers had not previously encountered the AFAD. Some
drivers may have preferred the interpersonal communication with the flagger.

Table 3.2.1 Survey Responses Regarding Effectiveness

Effectiveness STOP/SLOW AFAD Flagger
Count Percentage Count Percentage
Very Effective 28 66.67% 8 19.05%
- .10% 2.86%
Effective o | 21.43% | S010% T3 T 738106 | 0286%
Neutral 1 2.38% | 2.38% 1 2.38% 2.38%
Ineffective 1 2.38% 1 2.38%
- 52% 4.76%
Very Ineffective 3 7.14% 9.52% 1 2.38% 6%
Total 42 100.00% 42 100.00%

Respondents were asked about the reasons for their effectiveness ratings for the AFAD and
flagger. Five factors were provided as possible answers: clarity, visibility, safety, efficiency, and
other. Among the four factors, visibility ranked number one, in both the AFAD and flagger
situations as shown in Table 3.2.2. Clarity and safety were also both considered as important
reasons for the effectiveness ratings.

Table 3.2.2 Reason of Effectiveness Rating

Count
Factor
AFAD Flagger Total

Clarity 21 31 52
Visibility 23 36 59
Safety 20 30 50
Efficiency 13 20 33
Other 5 5 10

As shown in Table 3.2.3, 90.48% of the respondents thought that the CMS was helpful, with
57.14% of the respondents strongly in agreement. Only one respondent (2.38%) disagreed or
strongly disagreed that CMS was helpful. While most of the respondents thought the CMS
improved the visibility of stop control and could help them to understand signage, one
respondent felt the CMS was redundant and unnecessary since the STOP/SLOW paddle was
present and informative enough.
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Table 3.2.3 Summary of Responses to Survey Question Regarding Helpfulness of CMS

CMS helpfulness | Count Percentage
Strongly Agree 24 | 57.14%
A48%
Agree 14 | 33.33% | 048
Neutral 3 7.14% | 7.14%
Disagree 0 0.00% 0
Strongly Disagree 1 2.38% 2.38%
Total 42 100.00%

The survey asked if the drivers had encountered the two types of stop controls before. Less than
half of them responded they had encountered an AFAD before, while all of them had previously
encountered a flagger (Table 3.2.4). All of the respondents should have answered that they had
encountered an AFAD since they were given the survey immediately after passing through the
AFAD.

Table 3.2.4 Summary of Responses to Question About Previous Experience with AFAD
and Flagger

Encountered AFAD Flagger
Before Count | Percentage | Count | Percentage
Yes 19 45.24% 41 100%
No 23 54.76% 0 0%
Total 42 100.00% 41 100%

When drivers were asked for their preference between the AFAD and flagger, no respondents
preferred the flagger much more than the AFAD, and only 12.2% of the respondents preferred
the flagger more. Although the percentage of respondents who thought that the flagger was
effective or very effective was higher than the percentage who thought that the AFAD was
effective or very effective, respondents preferred the AFAD more than the flagger. As shown in
Table 3.2.5, 53.66% respondents preferred the AFAD much more than flagger, and 24.39%
preferred the AFAD more than flagger.

Table 3.2.5 Respondents’ Preference for AFAD or Flagger

Preference Count Percentage

AFAD much more 22 53.66%

78.05%

AFAD more 10 | 24.39% | [o05%

Neutral 4 9.76% | 9.76%
Flagger more 5 12.20%

12.20%

Flagger much more 0 0.00% ’

Total 41 100.00%
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Demographic information was collected, and the results are shown in Tables 3.2.6 and 3.2.7.
Among the survey respondents, gender distributions were even, with the number of female
drivers slightly less than the number of male drivers. Older drivers were more prevalent than
younger drivers, and over 64% of the respondents were over 55 years old. The field work was
performed in a rural area, and 83.33% of respondents were rural residents. Most of the
respondents drove passenger cars as their regular vehicle type. Different responses by age,
gender, and residency are attached in Appendix C.

Table 3.2.6 Demographic Information

Gender Age
Male Female | 16-25 26-40 41-55 56-70 71-95
22 19 1 5 8 14 13
52.38% | 45.24% | 2.38% | 11.90% | 19.05% | 33.33% | 30.95%

Table 3.2.7 Residency and Vehicle Information

Residency Regular Vehicle Type
Urban Rural Passenger car Other
3 35 37 4
7.14% 83.33% 88.10% 9.52%

Respondents commented on the advantages and disadvantages of the AFAD. They thought the
advantages of the AFAD included increased visibility, multi-functionality, adaptability to
weather conditions, and enhanced safety, as a human flagger means a worker is standing near
traffic. Some concerns raised by some respondents about the AFAD included:

Sun glare reduced visibility

Potential confusion in case of its malfunction

AFAD may not be respected as well as a live human flagger

It may be easier to communicate with human flaggers than the AFAD

Some additional comments include:

e The higher cost of AFAD was worthwhile due to its benefits
e A warning noise for violations would help to alert both drivers and workers in the work zone
e Advanced signage for TMA instructions would be beneficial
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CHAPTER 4: CONCLUSION

For the field data collection, there were 334 total queues collected, of which 186 were for the
AFAD, and 148 were for the flagger. The results of field data analysis show that the vehicle
approach speed for the AFAD was significantly slower (23.2 mph versus 27.4 mph) than the
vehicle approach speed for the flagger. The lower approaching speed means the AFAD helps to
improve work zone safety. The AFAD full stop location was significantly farther from stop
control (61.07 ft. versus 49.68 ft.) than the flagger full stop location. The intervention rate for
AFAD was slightly lower than flagger (3/193 vs. 3/155). With the AFAD, the approaching
speeds for the 1st following vehicles were significantly slower than without the AFAD (20.63
mph versus 23.09 mph). In summary, the performance measures of vehicle approach speed, stop
location, intervention rate, and first vehicle approach speed all favor the AFAD over the flagger.

The reaction time for the AFAD was significantly longer than for the flagger (4.41s vs. 1.69s)
and may cause extra traffic delay. But the reason for the longer delay is not completely clear.
The following are some possible reasons for the difference in reaction time between the AFAD
and the flagger. On the AFAD, there was a time lag for turning the slow paddle, thus the paddle
and the CMS message were out of synchronization. This delay has since been corrected. The
delay may also be due to differences in interpersonal communication with a person as opposed to
interaction with a device. In addition, drivers who encountered the AFAD may be distracted by
their cellphones or other things, while drivers who encountered human flagger may be less
distracted with the nearby presence of a construction worker. The Phase Two simulator study
will continue to investigate the issue with the reaction time.

For the driver intercept survey, there were 42 survey responses received, including 30 paper
responses and 12 online responses. The results of survey showed that the AFAD was more
understandable than the flagger; more respondents thought the AFAD was very effective than the
flagger (66.67% versus 19.05%), most of respondents thought CMS was very helpful or helpful
(90.48%), and more respondents preferred the AFAD than flagger (78.05% vs. 12.20%).
Visibility was the biggest reason for the drivers’ effectiveness ratings of the two devices,
followed by clarity, safety, and efficiency. The overall survey results indicate that the general
public was more favorable towards the AFAD than the human flagger.

In conclusion, the results from the field study and driver intercept survey indicate that the AFAD
may enhance safety over the human flagger based on a reduced vehicle approach speed and
farther full stop location, but AFADs may cause slightly longer delays due to increased reaction
times. The AFAD also has the potential to improve safety by removing the flagger from direct
exposure to traffic and protecting the construction worker inside the construction vehicle with
the TMA. The public had a favorable impression of the AFAD and generally preferred it over the
human flagger.

After Phase One was completed, the Phase Two simulator study began. In the simulator study,
flagger, STOP/SLOW AFAD with CMS, and STOP/SLOW AFAD without CMS will be
evaluated. The two AFAD options presented in the MUTCD (2009) are STOP/SLOW, and red
and yellow lenses and a gate; thus the simulator scenarios will be designed to be consistent with
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MUTCD guidance. Simulation scenarios will involve a two-lane highway and a scenario similar
to the Phase One field study. Two options for the CMS message under the stop condition will be
tested: “STOP” and “WAIT ON STOP”. MOEs for the simulator study will be similar to the
field study but include much more detailed information. Post-test surveys will be given out to
simulator participants. In the simulator, influences caused by geometric condition will be
eliminated to avoid bias. If the results from the AFAD with CMS and AFAD without CMS show
that removal of the CMF does not compromise safety or clarity, then a Phase Three field study of
AFAD with CMS and AFAD without CMS will be conducted to verify the results in the field
after Phase Two is completed. The use of AFAD without CMS would help to reduce costs and
speed up the AFAD implementation.
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